Summary. Eight male naked mole-rats, from three colonies were studied in captivity. When non-breeding male naked mole-rats were removed from their colonies and paired with a non-breeding female, or removed and housed singly for 6 weeks before pairing with a female, concentrations of urinary testosterone and plasma luteinizing hormone (LH) increased significantly (P < 0\m=.\05). Concentrations of these hormones were highest while the males were singly housed: urinary testosterone (mean \ m=+-\s.e.m.) increased from 8\m=.\2\m=+-\1\m=.\3 ng/mg urinary creatinine (Cr) in a non-breeder in a colony to 49\m=.\1 \ m=+-\5\m=.\5ng/mg Cr when singly housed and 21\m=.\8\m=+-\2\m=.\5 ng/mg Cr when paired with a female. Plasma LH concentrations increased from 4\m=.\7 \ m=+-\1\m=.\0 mi u/ ml when a non\ x=req-\ breeder in a colony to 19\m=.\8\ m=+-\ 4\m=.\0 mi u / ml when singly housed and 9\m=.\9 \ m=+-\ 1\m=.\1 miu/ml when paired with a female. After pairing with a female, the pattern of urinary testosterone secretion in the male was synchronized with the ovarian cycle of the female mate, such that urinary testosterone concentrations were significantly higher during the early follicular phase of the female's cycle (P < 0\m=.\05).
Introduction
The naked mole-rat, Heterocephalus glaber, is a highly social hystricomorph rodent inhabiting the arid regions of East Africa, including Kenya, Ethiopia and Somalia. Living entirely underground in colonies which often contain 40-90, but sometimes up to 300, individuals, their burrow systems contain communal nest and toilet chambers and an extensive network of foraging tunnels, which may total 2-3 km in length (Jarvis, 1981 (Jarvis, , 1985 Brett, 1986 Brett, , 1991 . A characteristic and unique feature of naked mole-rat colonies is the extreme behavioural and reproductive division of labour, similar to that of eusocial insects, whereby reproduction is restricted to a single breeding female, the 'queen' and 1-3 males; this division is seen in both captive (Jarvis, 1981; Lacey & Sherman, 1991; Faulkes et ai, 1991a) and wild colonies (Jarvis, 1985; Brett, 1991) . The remaining colony members do not breed and, in females, ovulation is blocked (Faulkes et ai, 1990a) , possibly as a result of inadequate plasma luteinizing hormone (LH) concentrations arising from impaired hypothalamic gonadotrophin-releasing hormone (GnRH) secretion (Faulkes et ai, 1990b) .
Among male naked mole-rats, there are clear behavioural and physiological differences between breeders and non-breeders. Only breeding males are solicited by, and mate with, the queen (Jarvis, 1991; Lacey & Sherman, 1991) . Breeding males have higher concentrations of plasma LH, greater LH responses to administration of exogenous GnRH, and higher concentrations of urinary testos¬ terone than non-breeders (Faulkes et ai, 1991b ). These observations suggest that reproduction is suppressed in non-breeding male naked mole-rats, but concentrations of reproductive hormones are sufficient to support spermatogenesis, and these males apparently produce mature spermatozoa (Faulkes et ai, 1991b; Jarvis, 1991) .
To study further the endocrine differences between breeding and non-breeding male naked mole-rats, and to investigate the physiological changes that occur when non-breeding males are removed from the suppressing influences of their colonies, eight males from three captive colonies were studied. Concentrations of plasma LH and urinary testosterone were determined in these individuals while they were non-breeders in a colony, when removed and housed singly for a minimum of 6 weeks and when paired with a female.
Materials and Methods

Experimental procedures
Animal housing. Captive colonies of naked mole-rats were maintained at the Institute of Zoology, London, using artificial Perspex burrow systems containing nest, food and toilet chambers (described by Faulkes et ai, 1990a, b) .
Animals were numbered and identified by a system of toe clipping and tattoos. Altogether eight males and eight females from three captive colonies were used in this study.
Reproductive activation in non-breeding males. To investigate the hormonal changes that occur when males become reproductively active for the first time, non-breeding males were removed from their colonies and either paired directly with a non-breeding female from the same colony (n = 3), or removed, housed singly for a minimum of 6 weeks and then paired with a female of approximately the same age and from the same colony, who had also been housed singly for 6 weeks (n = 5) and had therefore become reproductively active (see Faulkes et ai, 1990a Monitoring of ovarian cyclicity in females. To investigate whether concentrations of reproductive hormones in male naked mole-rats were correlated with the reproductive status of their female mate, urinary testosterone concen¬ trations in the males were plotted relative to the ovarian cycle of the female. The ovarian cycles of females were followed by measurement of urinary progesterone by radioimmunoassay (Faulkes et ai, 1990a) . This involved plot¬ ting the urinary progesterone profiles obtained from females against time as follows: Day 0 was designated as the day before a sustained rise in urinary progesterone above 20 ng/mg Cr and was assumed to correspond approximately to the day of ovulation. Day 1 was designated as the start of the luteal phase; the end of the luteal phase was taken as the day on which a rapid and sustained fall in urinary progesterone below 20ng/mg Cr occurred. Urinary testosterone concentrations in males were plotted against the respective female cycle, assuming a mean total cycle length of 34 days (6 days follicular, 28 days luteal: Faulkes et ai, 1990a).
Sampling
Urine. Urine was chosen for routine steroid hormone determination in males and females in captive colonies in preference to blood because collection is non-invasive and disturbance to the animals is therefore minimized (Faulkes et ai, 1990a (Faulkes et ai, , 1991b . Urine has been widely used as a medium for hormonal analysis in other species (e.g. Lasley, 1985; Hodges, 1986) .
Urine sampling involved the removal of all the shavings from the toilet chamber in each colony and wiping the chamber clean with tissue paper. Immediately after each urination, the sample was collected in a glass pipette and the toilet chamber was wiped clean with tissue paper. Samples were placed in a freezer within 1 h of collection, and stored at -20°C until hormone determination.
Blood. Animals were hand-held, the tip of the tail was cut with a sterile scalpel blade and blood (~2 00 µ ) was collected by capillary action using heparinized microhaematocrit tubes. Blood samples were collected within 2^1 min of animal capture from our captive colonies, and afterwards the wound was treated with an antibiotic powder (Aureomycin) and the animal returned to its colony. The samples were stored on ice for a maximum of 2 h before being centrifuged for 5 min at 500g, and the plasma was stored at -20°C before LH determination.
Hormone determinations
Radioimmunoassay of testosterone. Before testosterone assay, all urine samples were subjected to a determination of creatinine as described by Bonney et ai (1982) . All urinary testosterone concentrations were expressed as mass per milligram of creatinine (mg/Cr) to correct for dilution of urine.
Testosterone concentrations were determined in urine (50-100 µ ), extracted with diethyl ether by radioimmuno¬ assay (RIA) following celite chromatography, using sheep antitestosterone antibody no. 505 (MRC Reproductive Physiology Unit, Edinburgh, UK; see Hodges et ai, 1987), as previously described and validated for the naked mole-rat (Faulkes et ai, 1991b) .
The sensitivity of the assay (determined as 90% binding) was 20 pg/tube. At an average dilution of urine, this was equivalent to < 10 ng/mg Cr. Interassay precision, expressed as the coefficient of variation for repeated determinations of a quality control (2-22 ng/mg Cr), was 15-1% (n = 4) for quality controls subjected to column chromatography and 16-9% (n = 4) for quality controls extracted only. Intra-assay variation was 7-5% (n = 7).
Progesterone radioimmunoassay. Progesterone in female urine was measured in samples (50-100 µ ), extracted with petroleum ether, by RIA without chromatography, as previously described and validated for the naked mole-rat (Faulkes, 1990; Faulkes et ai, 1990a Faulkes et ai, , 1991a .
The sensitivity limit of the assay (determined as 90% binding) was 10 pg/tube. Intra-and interassay precision, expressed as the coefficient of variation for repeated determinations of a quality control, was 60 (n = 11) and 7-1% (n = 19), respectively. Luteinizing hormone bioassay. LH was measured using an in-vitro bioassay based on the production of testosterone by dispersed mouse Leydig cells (Van Damme et ai, 1974) . The method and validation for the naked mole-rat have been described previously (Faulkes, 1990; Faulkes et ai, 1990a, b) . Plasma samples were assayed in duplicate at two dilutions of 1:10 and 1:20, or 1:20 and 1:40, as a routine check for parallelism, and compared with a rat LH standard (the rLH antigen preparation: rLH-I-7) over the range 2-00625 milli-international units (miu)/ml. The testosterone produced was measured by RIA.
The sensitivity of the assay (determined at 90% binding) was 01 miu per tube. Intra-and interassay precision for the whole assay, expressed as the mean coefficients of variation for repeated determinations of an LH quality control (1 -53 miu/ml), were 10 (n = 15) and 16% (n = 9), respectively.
Statistical analysis
Urinary testosterone and plasma LH data were analysed using one-way analysis of variance for repeated measures following log transformation of data. Log transformation of plasma LH concentrations was carried out as a standard procedure, to increase the linearity of the data and to reduce the heterogeneity of variance (Sokal & Rohlf, 1981 non-breeding status (9-9 +11 miu/ml; Fig. 1(a) Similar trends were observed in urinary testosterone concentrations, which rose significantly from 8-2 ± 1 -3 ng/mg Cr (mean + s.e.m.) to reach a maximum while males were housed singly (491 ± 5-5 ng/mg Cr). In animals paired with a female, urinary testosterone concentrations were lower than in those singly housed at 21-8 ± 2-5 ng/mg Cr, but significantly higher than in males of non-breeding status (F (2,18) = 16-1; < 0001; Fig. 1(b) ). Concentrations of urinary testosterone were significantly higher during the female's follicular phase ( + 3 days), at 47-8 ± 6-2 ng/mg Cr (mean ± s.e.m.), than during the luteal phase of the female's cycle (8-9 ± 1-6 ng/mg Cr), and when a non-breeder in a colony (F (3,19) = 17-9; < 0001). There were insufficient plasma samples for a comparison of LH concentrations in males collected during the follicular and luteal phases of the female.
From examination of individual urinary testosterone profiles (Fig. 2a, b ) the mean time between separation and a rise in urinary testosterone to 24 ng/mg Cr, the mean for breeding males, was calculated as 5-3 ± 10 days (n = 6 males: five housed singly, one paired directly with a female). The age and body mass at which the males were removed from their parent colonies did not appear to influence the latency of the rise in urinary testosterone concentrations, which ranged from 3 to 9 days, while the ages ranged from 5 to 40 months, and body masses from 19 to 51 g. Time (days) Fig. 2 . Urinary testosterone profile for naked mole-rats: (a) male 1, aged 15 months, body mass 30 g, and (b) male 8, aged 15 months, body mass 32 g, (i) when a non-breeder in a colony, (ii) when removed and housed singly for 6 weeks and (iii) when paired with a female mate who had also been housed singly for 6 weeks; (-) ovarian cycles of the females, the urinary progester¬ one profile; M, observation of mating; *, a peak in urinary testosterone > 24 ng/mg Cr, which coincides with the follicular phase of the female mate's cycle.
When animals were housed singly, urinary testosterone concentrations were maintained at higher values than when the males had non-breeding status and, in some instances, reached > 100 ng/mg Cr (Fig. 2(b) ). After pairing with a female, urinary testosterone concentrations still reached high values, but these episodes were mainly confined to the follicular phase of the female's cycle. For example, male 1 had three peaks in urinary testosterone after pairing with female 4 (Fig. 2(a) ), all of which occurred when urinary progesterone in the female was undetectable or <20 ng/mg Cr, indicating the follicular phase of the ovarian cycle (Faulkes et ai, 1990a (Fig. 2(a) ). Similarly, male 8 showed two peaks in urinary testosterone after pairing with female 10, both of which coincided with the follicular phase of the female's cycle, although the first peak also carried on into the luteal phase (Fig. 2(b) ). Again, successful fertilization occurred during the second ovarian cycle. Male 8 (Fig. 2(b) (Faulkes et ai, 1991b (Fig. 3) Urinary testosterone concentrations in males paired with females reached significantly higher concentrations on Days 27-28, at the end of the luteal phase, and on Days -5 to -4, the first part of the follicular phase of the female cycle (mean ± s.e.m.: 63-0 + 13-1 and 73-2 + 21-9 ng/mg Cr, respectively), compared with Days 15-16, 21-22 and 23-24 of the luteal phase (7-2 ± 3-4, 5-7 ± 2-2 and 10-5 ± 6-1 ng/mg Cr, respectively; F (14,36) = 203; < 005; Fig. 3 ).
Discussion
Like their female counterparts, non-breeding male naked mole-rats have clear endocrine differ¬ ences from breeders. In non-breeding males, these differences are characterized by low concen¬ trations of plasma LH and urinary testosterone. However, unlike their female counterparts, the endocrine deficiencies in non-breeding males did not reflect a suppression of mature gamete devel¬ opment, as spermatogenesis was observed in all males (Faulkes et ai, 1991b) . In non-breeding females, ovulation was suppressed and most ovarian follicular development was arrested at a preantral stage (Faulkes, 1990; Faulkes et ai, 1990) . The endocrine differences amongst males were readily reversible when non-breeding males were removed from the social factors that caused repro¬ ductive suppression in their colonies. When the males were paired with a reproductively active female mate, successful conceptions occurred, in some cases after only one ovarian cycle, at the second period of the female's oestrus.
The rapidity with which reproductive activation occurred in non-breeding males was compar¬ able to that observed in non-breeding females, where urinary progesterone concentrations reached values indicative of a luteal phase~8 days after removal from their colonies (Faulkes et ai, 1990a (Faulkes, 1990; Faulkes et ai, 1990a) , males were able to undergo puberty and attain breeding status well before they had reached the maximum body size of 60-70 g.
When non-breeding males were removed from their colonies and housed singly, both urinary testosterone and plasma LH concentrations increased markedly to reach high values that were, for the most part, sustained over the period of isolation. Whilst in this singly housed condition, the males were released from reproductive suppression and were able to undergo increases in repro¬ ductive hormones without the physical presence of a female. However, when the males were subsequently paired with a reproductively active female, a degree of suppression or control over both LH and testosterone secretion was reintroduced by the female. This reproductive control resulted in episodes of high urinary testosterone in the male that were synchronized with the ovar¬ ian cycle of the female, such that peak concentrations of testosterone in the male occurred during the late luteal and early follicular phase of the female's cycle. Although plasma LH concentrations were not studied in the same detail as urinary testosterone, the former showed the same overall trends as the latter over the three housing conditions (see Fig. 1(a) ). Therefore, it is assumed that the changes in urinary testosterone reflect similar changes in plasma LH and plasma testosterone. These results imply that, in males, active suppression of pituitary and testis secretion of LH and testosterone, respectively, occurs during periods outside the late luteal to early follicular phase of the breeding female's cycle. Release from suppression, and possibly stimulation of the male by the female, would appear to coincide with periods just prior to the presumed time of oestrus in the female.
The physiological function of an increase in circulating testosterone in the male prior to oestrus in his female mate may be to facilitate sexual behaviour in the male. The role of testosterone in promoting male sexual behaviour is well documented in other species, for example, in male rats (for review see Feder, 1978) . Whether the increases in testosterone may also stimulate spermatogenesis or affect sperm viability is unknown. It is possible that the increases in testosterone may alter or increase secretions from the accessory sex organs, thereby enhancing the survival and viability of spermatozoa in the ejaculate. The stimulatory effect of androgens on the accessory sex organs of other species is well known (for review see Coffey, 1988) .
The periodic peaks in urinary testosterone concentrations seen in these males when paired with females could be a response to changes in the behaviour of either or both sexes or to a stimulatory pheromonal cue given off by the female. There is circumstantial evidence that both of these factors may be involved. High frequencies of mutual anogenital nuzzling have been observed between breeding male and female naked mole-rats (Jarvis, 1991; Lacey & Sherman, 1991) , suggesting that the male is continuously exposed to any chemosignals derived from the genitalia and reproductive tract of the female. In some other rodent species, vaginal secretions of oestrous females contain pheromones, which may be critical for the stimulation of normal male sexual behaviour. For example, an anosmic male golden hamster will not mate with an oestrous female even though she may advertise her receptive state in other ways (Singer et ai, 1980) . A striking example of how ; female may stimulate the reproductive endocrinology of a male can be found in mice. In thi species, unfamiliar females are able to induce an increase in plasma testosterone in the male afte 30-60 min (Macrides et ai, 1975) , while exposure to the urine of females was sufficient to produc significant increases in LH in the male recipient (Maruniak & Bronson, 1976) .
There is strong evidence to suggest that direct behavioural contact with the queen, rather than ; primer pheromone contained in the urine of the queen, plays the major role in suppression o reproduction in both non-breeding male and female naked mole-rats. Daily transfer of soilei bedding and litter between parent colonies and separated singly housed animals, or male-femal pairs, neither delayed nor prevented the onset of their reproductive activation (Faulkes, 1990] Daily bedding and litter transfer, coupled with the rotation of groups of non-breeding animal between the parent colony and singly housed females every 2 days, did not delay or prevent th separated females from becoming reproductively active (Faulkes et ai, 1991;  T. E. Smitl unpublished data).
The results from this study of singly housed and paired males suggest that not only does the queei suppress reproduction in non-breeding females, but that she may also control the reproductiv endocrinology of the breeding male(s).
The queen selects her breeding partners from the males in the colony and also initiates matin; behaviour (Jarvis, 1991) . It is interesting to speculate that such strict controls over reproductiv physiology by the queen may also extend to the non-breeding males in the colony: in one captiv colony in which the queen died, concentrations of urinary testosterone in all the non-breedin; males of the colony increased to values comparable to those when males are singly housed, indi eating a release from suppression (C. G. Faulkes, unpublished data). Such control of reproductioi of males and females in a social group by a single dominant individual is apparently withou precedent among mammals.
